. Our initiative work on the cloning of Bacillus cereus SMase gene 2) promoted the cloning not only of the bacterial nSMases, including staphylococcal b-toxin, 3) but also of the mammalian Mg 2ϩ -dependent nSMases. 4, 5) The mammalian nSMases have been focused on as one of the key enzymes for sphingomyelin turnover and play a critical role in cell signalling, inducing cell proliferation, apoptosis and so on. 6 ) Alignment of the primary sequences of bacterial and mammalian Mg 2ϩ -dependent nSMases shows the conservation of several amino acid residues, in spite of relatively low overall sequence homology between the bacterial and mammalian ones, indicating a contribution of the conserved residues to enzymatic action. We previously demonstrated that B. cereus SMase shows folding similarity to bovine pancreatic DNase I by a 3D-1D structural compatibility method. 7) Although the SMase and DNase I specifically act on SM and DNA, respectively, they commonly catalyze the hydrolysis of phosphodiester bonds of the substrates in a Mg 2ϩ -dependent manner. Therefore, the SMase must share structural and catalytic similarity with DNase I. We predicted the 3D model of B. cereus SMase by the homology modeling method, using the X-ray crystal structure of bovine pancreatic DNase I as a template. 7) The model indicates that the several conserved residues converge on the surface of the catalytic pocket of the enzyme. By the structural similarity, we assumed that the conserved His151 and His296 respectively act as a general acid and a general base. As expected, the substitution of these residues by alanine significantly diminished the hydrolytic activity of the enzyme. 7) In mammalian nSMases, a couple of His residues corresponding to His151 and His296 of B. cereus SMase also demonstrated their importance for the enzyme activity. 8, 9) His134 and His252 of bovine pancreatic DNase I are the corresponding residues to His151 and His296 of B. cereus SMase, respectively. A couple of His residues of DNase I are regarded to function as a general acid and a general base in catalysis by X-ray crystallography and mutational analysis. 10, 11) However, further analysis to reveal the function of these His residues as an acid-base catalyst has not been achieved in DNase I, nor in nSMase. In addition to the two His residues, the conserved Asp195 of B. cereus SMase also converges in the active-site pocket, and is located between His151 and His296. In addition to being present in the family of nSMase and DNase I, the His-Asp-His triplet structure is also present in the active site of phosphatidylinositol-specific phospholipase C (PI-PLC) as an acid-base catalyst, 12) although PI-PLC belongs to the independent gene family. Moreover, the spatial arrangement of the triplets is highly conserved in their structures, suggesting the importance of Asp195 of B. cereus SMase in catalysis. In this study, a series of mutations was introduced to His151 and His296, as well as Asp195, to investigate the functional roles of the triplet residues in B. cereus SMase, and the catalytic mechanism of the enzyme will be discussed.
MATERIALS AND METHODS
Enzyme Substrates SM was prepared from bovine brain, as described previously.
13) 2-Hexadecanoylamino-4-nitrophenylphosphocholine (HNP), the SM analog containing phosphocholine and an N-acyl hydrocarbon chain, was pur- Bacillus cereus sphingomyelinase belongs to the Mg 2؉ -dependent neutral sphingomyelinase, which hydrolyses sphingomyelin to phosphocholine and ceramide, and acts as an extracellular hemolysin. The triplet residues, His151-Asp195-His296, of the enzyme are highly conserved among bacterial and mammalian Mg 2؉ -dependent neutral sphingomyelinases. The triplet residues converge on the active-site pocket of the 3D model of the enzyme. To investigate the function of these residues in the acid-base catalysis, we introduced several mutations for each residue by site-directed mutagenesis. Hemolytic and hydrolytic activities of the enzyme, abolished by the mutations at Asp195 and His296, revealed that these residues are critical for the catalytic function. The effect of the divalent metal cations on the pH dependency of the hydrolytic activities indicates that His296 corresponds to the most acidic ionizable group as a general base. The mutagenesis at His151 was also deleterious; however, the H151A and H151Q mutant enzymes partially retained their activities. The H151A mutation affected the most basic ionizable group, suggesting that His151 may act as a general acid in catalysis. By the structural basis of the 3D model, Asp195 must maintain not only the appropriate spatial arrangement but also pK a s of His151 and His296. Taking into consideration all of these, we proposed the acid-base catalytic mechanism of B. cereus sphingomyelinase.
chased from Sigma-Aldrich Fine Chemicals, St. Louis, U.S.A. Bovine erythrocytes were prepared from bovine whole blood stored in stock solution containing glucose and citric acid. Just before the experiment, the stock solution was washed with 0.145 M NaCl.
Site-Directed Mutagenesis Site-directed mutagenesis at the positions of His151, Asp195 and His296 was performed using pUCSM2 plasmid, the pUC119 derivative carrying the B. cereus SMase gene, as a template by the method previously described, 13) or by using the Mutan ® -Super Express Km kit (TaKaRa). The template vector for the latter method was separately constructed by subcloning the BamHI/Xba I fragment of B. cereus SMase gene containing His151 site into the pKF19k vector to perform Escherichia coli MV1184 (sup o ) strain-mediated screening. After introducing the mutation, the full length of the pUCSM2 vector was reconstructed, and then confirmed to be the appropriate sequence.
Preparation of Crude Cell Extract E. coli TG1 strain was transformed with the constructed pUCSM2 vector and cultured in 2ϫYT medium at 37°C. At the late logarithmic growth phase, the cultured cells were harvested by centrifugation at 500ϫg and washed with physiological saline (0.145 M NaCl) at room temperature. The cells were resuspended in ice-cold 40 mM Na borate buffer (pH 7.5), then disrupted by sonication on ice. After centrifugation of the disrupted cell suspension at 10000ϫg for 10 min at 4°C, the supernatant was recovered and used as a crude enzyme source.
High-Expression and Purification of SMases The His151-mutated SMases genes were subcloned into pNU211r 2 l 5 vector for extracellular high performance expression. 14) Purification of SMase from the culture medium of the Bacillus brevis 47 transformant was performed according to the method for the wild type (WT) SMase, as previously reported. 13) Briefly, the enzyme activity was precipitated with 80% saturated (NH 4 ) 2 SO 4 from the culture medium, followed by dialysis, fractionation by DEAE-ion exchange chromatography, and then gel filtration chromatography. The homogeneity of the final preparation was confirmed by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Evaluation of Hemolytic Activity Hemolytic activity of the mutant SMases expressed by E. coli TG1 strains was estimated by culturing the cells for 16 h at 37°C on a YT agar plate containing 2.5% bovine erythrocytes. The WT plasmid clone, pUCSM2, and pUC119 vector transformants were used as the positive and the negative controls, respectively. To verify the area size of hemolytic zones, the plate was chilled at 4°C until hemolytic zones became clear.
Measurement of Hydrolytic Activity
The hydrolytic activity of the WT and the mutant SMases for mixed micellar SM with Triton X-100 was measured according to the method reported previously. 15) The WT or the His151 mutant enzymes were incubated in 40 mM Na-borate buffer (pH 7.5) containing 2 mM SM, 0.312% Triton X-100 and 4 mM MgCl 2 . The reaction was stopped by the addition of CHCl 3 / MeOH/HCl (66 : 33 : 1) and immediate mixing, followed by centrifugation at 2000ϫg for 2 min. The SM-hydrolyzing activity was estimated from the amount of released phosphocholine in the aqueous layer. The hydrolytic activity of micellar HNP was measured spectrophotometrically, as reported previously.
16) The buffer solution was prepared with NaCl added to give 0.2 ionic strength. The absorbance at 410 nm was measured, and the enzyme activity was calculated using the molar absorption coefficient, eϭ1.49ϫ10
Each experiment was performed at least three times, and the activity was expressed as mean value with S.D. One unit of the enzyme activity was defined as the activity that hydrolyzed 1 mmol of substrate per min at 37°C.
RESULTS

Effect of His151, Asp195 and His296
Mutations on Hemolytic Activity Our previous study on the site-directed mutagenesis of His151 and His296 to Ala, as well as the structural profiles of the residues in our 3D model of B. cereus SMase, indicated the importance of the conserved residues, His151, Asp195 and His296, to the catalytic function of the enzyme. To understand the function of these residues in catalysis, we further introduced a series of mutations at His151, Asp195 and His296 by site-directed mutagenesis using pUCSM2, the WT SMase plasmid clone, as a template. After confirming the entire sequence of the mutated genes to be the desired ones, these mutant plasmids were introduced into E. coli TG1. Hemolytic activities of the mutant SMases were estimated by culturing the E. coli transformants on an agar plate containing 2.5% bovine erythrocytes (Fig. 1) . The hemolytic zones raised by the action of secreted SMases almost disappeared by His151 (H151F, H151R, H151K, H151Y, H151D, H151E and H151N), Asp195 (D195E, D195N and D195A) and His296 (H296F, H296Y and H296A) mutations, just like as that of the vector transformant. Only H151A and H151Q mutations showed significant hemolytic zones, however, the area sizes of the hemolytic zones; surrounding H151A and H151Q transformants decreased to less than 40 and 50% that of the WT transformant, respectively. Hemolytic assay using the blood agar plate is very sensitive to trace amounts of hemolytic activity, because the incubation time is sufficiently long. Careful observation of the blood agar plate showed that very faint hemolytic zones were present around H151Y, H151D, H151E and D195E transformants. This observation suggests that acidic residues are slightly compatible with the function of His151 and Asp195. For rough estimation of the catalytic activity of the mutated enzymes, we measured hydrolytic activity toward SM using the crude cell extracts of the E. coli transformants as enzyme sources ( Table 1 ). The hemolytic assay using the blood agar plate observes hot-cold hemolysis when erythrocyte cells are the substrate, and the reaction period is 16 h. On the other hand, the SM-hydrolyzing assay observes a semi-diffusion controlled enzyme reaction using micellar SM as a substrate, and the reaction period is within 20 min. Due to the difference of the substrates and reaction periods, experimental data of these two assays are certainly correlated, but do not quantitatively correspond to each other. However, the response of each mutation to SM-hydrolyzing activity showed a similar tendency to the hemolytic activity observed in the area size of hemolytic zone. H151Q mutation reduced SM-hydrolyzing activity to less than 10% that of the WT enzyme, while H151A mutant enzyme retained slight ability for SM hydrolysis. There was no detectable difference in SM-hydrolyzing activity between all the other His151 mu-tants and the vector transformant. All the Asp195 and His296 mutant SMases also lost their hydrolytic activity to the level of vector transformant (data not shown). These hemolytic and hydrolytic data suggest that Asp195 and His296 are the critical residues, and His151 plays an important role in enzyme catalysis.
Effect of H151A and H151Q Mutation on SMase Activity Since the H151A and H151Q mutant enzymes partially retained their hydrolytic activities, these mutant genes were converted into the high expression plasmid vector, pNU211r 2 l 5 , and were introduced into B. brevis 47. These mutant SMases were expressed and purified to homogeneity (data not shown), as described in Materials and Methods, and the enzymatic properties were compared with that of the purified WT enzyme. Hydrolytic activity for SM was decreased to less than 0.6 and 4% that of the WT enzyme by the H151A and H151Q mutations, respectively ( Table 2 ). The apparent K m values of H151A and H151Q enzymes for SM were increased to about 7-and 15-fold that of the WT enzyme, respectively. Consequently, apparent k cat /K m values of the H151A and H151Q enzyme for SM were decreased to 0.09 and 0.26% that of the WT enzyme, respectively. We also measured hydrolytic activity using HNP, an analog of SM, as a substrate. HNP-hydrolyzing activity was diminished to about 3% that of the WT enzyme by the H151A mutation (data not shown). On the other hand, we could not detect any remaining activity of the H151Q mutant enzyme. These data imply that the effects of these mutations on catalytic action differ in substrates between SM and HNP.
Effect of H151A Mutation on Michaelis-Menten Parameters and Their pH Dependency To investigate ionizing groups in acid-base catalysis, the pH dependent analysis of Michaelis-Menten parameters was performed. Figure 2a shows the pH dependence of the log(1/K m ) of the WT and H151A mutant SMases for the hydrolysis of HNP in the presence of a sufficient concentration of Mg . Each curve displayed a very similar trace for HNP hydrolysis, with a single transition above pH 7.0. This result demonstrates that one ionized residue is involved in the binding of the substrate, and that is presumed not to be His151. Next, we examined whether His151 acts as a ligand for essential Mg 2ϩ . 13) To investigate the function of His151 as a general acid in the general acid-base catalytic mechanism of the enzyme, log k cat was plotted as a function of pH. Figures 2b and c show the pH dependence of the log k cat of the WT and H151A mutant SMases for the hydrolysis of SM and HNP, respectively, in the presence of 4 mM Mg 2ϩ . In our previous observation, 16) the binding constant of Mg 2ϩ to the WT enzyme is varied with pH, especially in the acidic region, and it was revealed that the feature was not affected by H151A mutation, as described above. Therefore, k cat data of the WT and H151A mutant enzymes were corrected by taking into account the Mg 2ϩ -binding constant at each pH for the precise estimation of pK a s. Comparison of the pH-dependent curve of the H151A mutant enzyme with that of the WT enzyme revealed that H151A mutation retained the bell shape of the k cat vs. pH dependency in HNP hydrolysis. This result indicates that HNP hydrolysis by both the WT and H151A mutant enzymes proceeds via general acid-base catalysis. The H151A mutation slightly affected the k cat values for SM hydrolysis at the basic range, suggesting that His151 may correspond to the ionizable group within that range (Fig. 2b) . To estimate the pK a s of the ionized groups in catalysis, we performed fitting of the theoretical curves to the experimental data, as described previously.
16) However, we could not specify the groups in SM hydrolysis by the WT enzyme. Therefore, we tried to identify pK a s in HNP hydrolysis (Fig. 2c) . By the assumption that the four ionization groups are involved in catalysis, the best-fit curves for the experimental data were obtained. The slope of the curve is supposed to be ϩ1 and Ϫ1 in the acidic and alkaline regions, respectively. This indicates the presence of a protonated residue as a general base and a deprotonated residue as a general acid, corresponding to the first and the fourth pK a s, respectively. The pK a values of the WT enzyme for the four ionizable groups, pK a 1, pK a 2, pK a 3 and pK a 4, were determined to be 4.95, 6.20, 8.28 and Ͼ9, respectively. These values correspond to the macro dissociation constants. The pK a 2 corresponds to the carboxylate group of Asp126; its contribution in catalysis was discussed in our previous report. 17) We observed that the pK a 2 and pK a 3 values are independent, indicating that protonation of these groups does not influence the other, and these groups might not affect the catalytic function of the enzyme. The solid curves depicted in Fig. 2c indicate the best-fit ones to the theoretical equation, in agreement with the pH dependence data for both the WT and H151A mutant enzymes.
In a metal-dependent catalytic reaction, it is known that species of the metals affect the ionization of a catalytic group, which coordinates the metal.
18) The metal effect can be detected as a shift in the pH-dependent curve of the catalytic activity. Therefore, we examined the effect of metal cations on the pH dependency of k cat values for SM hydrolysis (Fig. 3) , the k cat values were increased at the acidic range, and the pH-dependent curves were raised for both the WT and H151A mutant enzymes. This observation suggests that the ionization residue having the lowest pK a value must be a general base in catalysis, and the residue is presumed to be His296, as discussed below. The pH-dependent curve of the logarithm of k cat for -binding constant at each pH for the precise estimation of pK a s, according to the previous report. 16) the hydrolysis of SM and HNP showed that the H151A mutation slightly decreased in the k cat values at the alkaline region, indicating an effect by the H151A mutation on the ionization group having a value of pK a 4 value.
DISCUSSION
We previously demonstrated that the two conserved His residues, His151 and His296, of B. cereus SMase are critical for the enzyme activity by Ala substitution of each residue. 7) In the previous report, we estimated that His151 and His296 act as a general acid-base catalyst because of the structural and functional analogy of bovine pancreatic DNase I. By our 3D model of the enzyme, the two His residues are converging on the cleft surface with the conserved Asp195, which is located between the two His residues. The spatial arrangement of the His151-Asp195-His296 triplet is highly conserved among phosphodiesterase families, including DNase I and PI-PLC. In this study, we further investigated the function of these residues in detail by a series of site-directed mutageneses. All the mutations at His296 destroyed the hemolytic activity, as well as the hydrolytic activity, of the enzyme, strongly suggesting the residue to be a general base in catalysis. This is consistent with our previous proposal that His296 acts as a general base in catalysis. 7) Moreover, this possibility is firmly supported by the observation that Mn 2ϩ and Co 2ϩ affected the pK a 1 value, which corresponds to a base in catalysis. His252, a counterpart of His296 in B. cereus SMase, is supposed to be a general base in DNase I because of its X-ray crystal structure with DNA and the destructiveness of mutation on His252. 10, 11) Based on these analogies with DNase I, we estimate that the initial step of SM hydrolysis by B. cereus SMase proceeds by the action of His296 as a general base. His296 first activates the water molecule involved in catalysis, followed by the attack of the water molecule to the phosphodiester bond of SM, we assume (Fig. 4) . We previously demonstrated that the essential Mg 2ϩ is coordinated between the phosphate group of SM and Glu53. 13) In carboxypeptidase A, pK a of a water molecule that is activated by the active-site residue acting as a base, is affected by the metal species, in coordination with the water molecule and the active-site residue. 18) As in the case of carboxypeptidase A, the water molecule that was activated by His296 of B. cereus SMase may interact not only with His296, but also with the essential Mg 2ϩ . We estimate that His296 is the most likely candidate of the ionized group for pK a 1 because of its structural analogy with His252 of DNase , which is recruited between the phosphate group of SM and Glu53, the ligand for the essential Mg 2ϩ , of the enzyme. Among the two His residues, Asp195 may act to maintain not only the correct spatial arrangement of the acid-base catalyst, His151 and His296, but also the appropriate pK a values of the two His residues.
I as a general base. However, the possibility that the water molecule activated by His296 is assigned to pK a 1 cannot be ruled out.
In addition to the Ala mutation at His151, all of the His151 mutations are deleterious to the hemolytic and hydrolytic activities of the enzyme. As well as His296, the residue is presumed to play an important role in SM hydrolysis of the enzyme. The introduction of single mutations into each of the corresponding two His residues of mammalian nSMase entirely abolished the catalytic activity, suggesting a common mechanism of catalysis for the Mg 2ϩ -dependent nSMase family, independent of the species. 8, 9) His134 and His252 of bovine pancreatic DNase I correspond to His151 and His296 of B. cereus SMase, respectively. Functional analysis of the residues of DNase I leads to difficulty, since almost complete elimination of the enzymatic activity by the mutations made further kinetic analysis more difficult. Fortunately, a partial decrease in enzymatic activities of several His151 mutants of B. cereus SMase enabled us to further analyze His151 in catalysis. By the structural estimation using our 3D model of the enzyme, both Ala and Gln mutations gave a vacant space that was shared by the imidazole ring of His151 in the WT enzyme. In the H151Q mutant enzyme, the space was caused by an inappropriate orientation of the side chain of Gln. It is supposed that the vacant space allows the entrance of a water molecule to the space, and the water molecule must act as an acid instead of His151 in the H151A and H151Q mutant enzyme. This is strongly supported by the observations that the H151A mutation more greatly affected SM than HNP hydrolyses, and the pH-dependent curve for HNP hydrolysis was not as affected by the mutation. The effect of a leaving group in hydrolysis is well known in the catalytic study of bovine pancreatic RNase A, 19) PI-PLC 20, 21) and so on. In these reports, the substrates used contain the structural backbone of p-nitrophenolate in their leaving group, as well as HNP. The p-itrophenolate group is a conjugate acid, having pK a ϭ7.14.
22,23) Such a low pK a value allows the p-nitrophenolate moiety of the substrate to be a good leaving group, without protonation by the general acid. In contrast, glycerol has a pK a of 14.2. 23) This suggests that ceramide certainly requires protonation by the general acid for release, since ceramide has a backbone structure similar to glycerol. Due to the properties of the leaving groups, the contribution of His151 as a general acid is much greater in SM hydrolysis than in HNP hydrolysis. For the HNP hydrolysis, a water molecule adjacent to the cleavage site of the substrate must act as an acid for completion of the catalysis. Although the fourth ionizable residue did not disappear as a result of the H151 mutation, effect of the mutation made it obvious that the pH dependent curves in the alkaline region of both SM and HNP hydrolysis were affected by the mutation. Therefore, we assume that pK a 4 corresponds to His151 as a general acid, since we may observe the pK a of the water molecule in the vacant space instead of the imidazole group of His151 hydrolysis in the H151A mutant enzyme. The rather high value of pK a 4 for His151 may be an effect of the surrounding residues, such as Glu53, Asp195 and so on, through a hydrogen-bonding network among them.
Based on these results, we propose the catalytic mechanism by B. cereus SMase as an acid-base catalysis which proceeds in a concerted manner. At the initial step of the catalysis, the general base, His296, must activate the neighboring water molecule, and the activated water molecule attacks the scissile phosphodiester bond of SM. By such an attack, the electron transfers to the general acid, His151, through the penta-covalent intermediate, and the reaction results in a release of ceramide from SM (Fig. 4) , of the enzyme. 13) Conservation of the spatial arrangement of the His151-Asp295-His296 triplet strongly suggests that Asp195 of B. cereus SMase is essential to the catalysis by SMase. In addition to the mutations on His296, our mutational study on Asp195 reveals that Asp195 is critical for the hemolytic function of the enzyme. Among the two His residues, Asp195 may act to maintain not only the correct spatial arrangement of the acid-base catalyst, His151 and His296, but also the appropriate pK a values of the two His residues in the active-site pocket of B. cereus SMase. Our previous research revealed that conserved Asp295 and Asp195 are also important residues for catalysis, and presumably affect the pK a value of His296 through a hydrogen-bonding interaction. 7) At present, we expect that Asp195 or Asp295 are candidates for the ionized group corresponding to pK a 3, because these residues may affect the pK a values of catalytic residues through active site network among these residues.
